The incorporation of entire Saccharin molecules has been studied during the galvanostatic deposition of 2.45 T soft CoFe alloys. The results indicate that the incorporation rate of Saccharin molecules is strongly dependent on the concentration of this additive in the plating solution. This dependence shows a pronounced maximum at C sach = 0.12 g/lit, which is the result with significant practical implications. The simple physical model is developed to describe this dependence having an excellent qualitative prediction of the experimental data. The corrosion properties and surface roughness of 2.45 T CoFe alloys are found to be strong function of Saccharin concentration in the solution, i.e. Saccharin incorporation rate.
Introduction
The electrodeposition of soft high magnetic moment (SHMM) alloys has been extensively used as one of the key fabrication processes in manufacturing of magnetic recording heads for almost three decades (1). However, the continuing development of magnetic recording has posed new and more difficult challenges for electrodeposition technology. The current development of SHMM alloy electrodeposition is driven by the need for higher magnetic moment (2) , and by the scaling trend towards nano-size magnetic structures having at least one dimension below 100 nm (3, 4) . At this level, the performance of the magnetic writers and their reliability becomes critically dependent on the physical and magnetic properties of the electrodeposited alloys, their stability during the different fabrication steps and their compatibility with other materials used for magnetic heads fabrication. These issues are becoming decisive factors in making the decision if the electrodeposited SHMM alloys are going to find the application in the future magnetic disk drive products.
The development of SHMM electrodeposited alloys for magnetic writer applications has gone through several phases in the last three decades. In the very beginning, the alloy of choice was Ni 81 Fe 19 (Permalloy) with saturation magnetic flux density B s = 1 T (5). The subsequent development followed by introduction of Ni 45 Fe 55 with 60% higher B s values (6) , and ternary CoFeNi alloys with lower Ni content and B s ranging between 1.6 T and 2.2 T (2, 7, 8, 9) . In recent years, the electrodeposited CoFe alloys with the highest obtainable magnetic moment of 2.45 T having the composition in the range of Co Fe 70-50 were demonstrated as well (2, 3, 10) . These alloys certainly represent one of the most probable candidate materials for fabrication of the future magnetic recording heads, and the improvement of their properties is the subject of the considerable research efforts in industry and academia as well.
In order to get SHMM with better magnetic properties, different additives have been added in the plating solutions (11) . Besides a commonly seen action of leveling and brightening of the deposit, the benefit of using additives in the plating baths is usually attributed to the improvement of the crystal structure (12) , smaller grain size and the reduction of the residual stresses in the deposit (13) . The last two effects are particularly important for obtaining very soft 2.45 T CoFe alloys (2). Depending on the plating solution design, choice of the additive and conditions at the electrochemical interface, the different amount of nonmagnetic interstitials and inclusions in the magnetic deposit originating from additives are introduced (14) . The entire additive molecules or molecular fragments can be found in deposit as well (15) . If the amount of the incorporated additives is small, it is generally considered beneficial for the desired magnetic softness (10) . However, the significant presence of the interstitials, in particular S or S containing organic molecules and fragments, can cause a detrimental deterioration of the magnetic alloy corrosion resistance (16, 17) . This is considered to be a serious limitation for the use of additives even if they yield alloys with very good magnetic properties. The extent of the effect that additives have on corrosion properties of 2.45 T CoFe alloys is illustrated in Figure 1 . The corrosion potential for the alloy obtained from the solution containing Saccharin as an additive is measured to be ~ 300 mV more negative then the corrosion potential of the sputtered CoFe alloy and the CoFe alloy deposited without Saccharin in the solution. This clearly indicates that the benefit of Saccharin as an additive for obtaining good alloy magnetic properties is seriously compromised by the increased corrosion susceptibility of the CoFe alloy (18) .
In this paper we report results from our studies of the physical (molecular) incorporation of Saccharin into 2.45 T CoFe deposit. The results show that incorporation rate is a strong function of the concentration of this additive in the plating solution in the range: 10 -3 g/lit < C sac < 1.5 g/lit. This dependence has a pronounced maximum at C sac ~ 0.12 g/lit, which is the result with significant practical implications. The corrosion potential and surface roughness of 2.45 T CoFe alloy shows strong dependence on the amount of incorporated Saccharin in the alloy. A comprehensive model qualitatively describing results for Saccharin molecular incorporation has been developed and it is presented in this paper as well.
Experimental
The standard three electrode cell configuration with solution volume of 2 lit was used to electrodeposit 0.6 ± 0.05 micron thick Co 40-42 Fe 60-58 films. The cathode was rotating Au disk (ω = 300 rpm, d = 6 mm) and Co plate was used as an anode. The reference electrode used in all studies was saturated calomel electrode (SCE) and all potentials in this study are quoted with respect to it. The background solution was a modified Watt's electrolyte containing H 3 BO 3 and (NH 4 ) 2 SO 4 as buffers. The pH of the solution was 2.1 for all deposition experiments Metal ions in the solution were obtained by dissolution of the proper amounts of CoSO 4 · 7H 2 O and FeSO 4 · 7H 2 O salts (3). The additive used in the deposition experiments was Saccharin with concentration ranging from 0.001 g/lit to 2.5 g/lit. All corrosion measurements were done in 0.5 M NaCl solution. The composition of the CoFe samples was verified by Energy Dispersive X-ray Spectroscopy (EDX). The magnetic properties of the CoFe films were verified by Superconducting Quantum Interference Device (SQUID) and Vibrating Sample Magnetometer (VSM). The thickness of the CoFe films was determined from Scanning Electron Microscopy (SEM) images of the focused ion beam (FIB) cross-sections and from charge stripping measurements. Upon the deposition of CoFe thin films and verification of their magnetic properties, thickness and composition, the samples are dissolved by 50 ml 1:1 HCl and subjected to High Pressure Liquid Chromatography (HPLC) analysis to determine the amount of incorporated Saccharin. The HPLC instrument used in this study was Varian ProStar with its standard C 18 separation column and UV detector. The amount of Saccharin in the films is obtained from the area of the Saccharin peak normalized to the peak area of the standard Saccharin sample of known solution molarities multiplied by the conversion factor taking into account the ratio of the volume of the HPLC sampling aliquot to the total 1:1 HCl solution volume (5/50 = 10). Finally, the incorporation rate of Saccharin (mol·cm -2 ·s -1 ) is obtained by dividing this number with the area of the CoFe electrode (0.28 cm 2 ) and with deposition time (3600 s).
Results and Discussion

HPLC Results
Saccharin incorporation into deposit occurs either via adsorption-electroreduction mechanism (chemical route, incorporation of molecular fragments, and metal sulfides (19) ) or via physical incorporation of entire molecules during the deposit growth (15) . Both mechanisms are expected to be responsible for S incorporation into the deposit, however, the relative contribution of each of them to the observed content of S in 2.45 T CoFe alloys is still unknown. The experimental conditions during the galvanostatic deposition of 2.45 T CoFe films were such that the CoFe surface has been resting at the potential of ~ -1.10 V vs. SCE. For this potential, the Saccharin coverage of CoFe surface corresponds to ~ 30% of the maximum one for the given concentration of this additive (3). The 2.45 T CoFe films are deposited with different concentrations of Saccharin in the bath. These films are rinsed very well with ultra pure 18.2 MΩ water, and then dissolved in 1:1 HCl and subjected to the HPLC analysis. The example of the typical HPLC spectra observed for our CoFe films are shown in Figure 2A . The presence of the entire Saccharin molecules in CoFe films is demonstrated by the peak with ~ 6.1 min retention time. This is the same position where Saccharin peak is observed for our standard calibration sample. The HPLC results for each of the CoFe films deposited with different content of Saccharin in the bath are shown in Figure 2B . They are recalculated to show the incorporation rate of Saccharin R in given in mol·cm -2 ·s -1 units.
The inspection of Fig. 2B shows pronounced maximum at R inc = 0.145·10 -11 mol·cm -2 ·s -1 for C sac ~ 0.12 g/lit. The incorporation rate dependence on concentration of Saccharin in the bath has very steep increase going from C sac = 10 -3 g/lit to C sac = 0.12 g/lit. For C sac > 0.12 g/lit, a more gradual decrease in incorporation rate is observed which, for C sac > 1.5 g/lit, becomes almost constant (R inc ~ 0.026·10 -11 mol·cm -2 ·s -1 ). The more practical way to look at the maximum incorporation rate is to express it in terms of the deposition time necessary for incorporation of one full monolayer of Saccharin.
Assuming that the adsorbed Saccharin monolayer has surface concentration, Γ ML , same as the FCC metal monolayer (~ 10 15 moleculs·cm -2 = ~ 0.16·10 -8 mol·cm -2 ) (20), we can estimate that maximum incorporation rate represents the incorporation of one full Saccharin monolayer every ~ 17 minutes of CoFe deposition. Another useful way to interpret results from Fig. 2B is to compare the Saccharin incorporation rate with the 2.45 T CoFe deposition rate. In our case, the CoFe deposition rate is 10 ± 0.5 nm·min -1 , which corresponds to the flux F, ~ 2·10 -9 mol·cm -2 ·s -1 . The ratio of F/R sac yields the useful result that can be further transformed in to the weight % of S in the CoFe matrix originating from physically incorporated Saccharin molecules. For the CoFe films deposited from solutions with C sac = 0.12 g/lit (R inc is max, Fig. 2B ) and 2 g/lit (R inc becomes const., Fig.  2B ) the amount of S in CoFe matrix is calculated to be ~ 0.04 % and ~ 0.007 % respectively. 
Corrosion Potential Measurements and CoFe Surface Roughness Analysis
In order to investigate the effect of the Saccharin incorporation on the CoFe films corrosion properties, the alloy samples were electrodeposited from solution with no Saccharin and from solutions containing 0.12 g/lit and 2 g/lit of Saccharin. After the deposition, these samples were carefully rinsed in ultra pure water and submitted to corrosion potential measurements. The results are presented in Fig. 3A . As expected, the most noble CoFe surface with most positive corrosion potential (E c ~ -0.2 V vs. SCE) is the one of the sample electrodeposited with no Saccharin in the solution. The surface of CoFe sample electrodeposited from solution containing 0.12 g/lit of Saccharin has the most negative corrosion potential (E c = -0.6 V vs. SCE). The sample electrodeposited from the solution containing 2g/lit of Saccharin has the corrosion potential E c ~ -0.3 V which is ~ 0.3 V more positive than in the previous case indicating higher nobility of this surface. The incorporation rate of Saccharin and corresponding S-content in the CoFe matrix for 0.12 g/lit sample is ~ 5 times higher than in the case of 2 g/lit sample (Fig.  2B) . This is clearly reflected on the corrosion potential of this sample being more negative and indicating the significantly poorer corrosion resistance, i.e. higher corrosion susceptibility (18) .
The effect of Saccharin incorporation on surface roughness of CoFe films is presented in Fig. 3B . Surface morphology evolution (w) is measured over the increasing length scale for 1 micron thick CoFe films electrodeposited form solution containing 0.12 g/lit, 1 g/lit and 2 g/lit of Saccharin. The observed saturation roughness for these samples follows the trend w sat (0.12g/lit) < w sat (1 g/lit) < w sat (2 g/lit) while at the same time R inc (0.12 g/lit) > R inc (1 g/lit) > R inc (2g/lit). The relation between the w sat and C sac is observed to have an increasing logarithmic dependence, w sat ~ln(C sac ) for these range of concentrations, (see the inset in Fig. 3B ) These results clearly show that higher incorporation rates of Saccharin in the plating solution yield the CoFe surfaces with smaller roughness. This is the practical and useful result that should be considered if the electrodeposition of 2.45T CoFe alloys is used for fabrication of magnetic nanostructures (3).
Analytical Model
The analytical model qualitatively describing the results in Fig. 2B is based on several assumptions. The first one is that the potential of the CoFe surface and C sac in solution do not change during the deposition experiment which means that the adsorbed Saccharin monolayer is in equilibrium with its solvated phase in the bulk solution. This allows using the equilibrium adsorption model to describe the additive coverage as a function of its concentration in the solution. The second one is that no transport limitations are encountered at any time for Saccharin arrival at the electrode surface. This assumption might not be valid for ultimately small concentration of Saccharin, however, for validity of the model in the practical concentration range this assumption is correct. The third assumption is that incorporation of the entire molecules of Saccharin occurs via their entrapment by the regions of CoFe surface that are not covered with Saccharin. These areas of the surface are assumed to be growing faster than the ones covered with the Saccharin which creates the situation where the adsorbed additive molecules are physically buried into the deposit by their faster growing surroundings. Now, we can state that the incorporation rate of Saccharin R inc (mol·cm -2 ·s -1 ) is inversely proportional to the life time of an additive molecule t sac , spent on the surface before it gets completely buried into the deposit. This condition can be expressed as:
The proportionality constant K 1 and t sac are expressed as (14, 21) :
Here Γ ML represents the surface concentration of the adsorbed full monolayer of Saccharin (mol·cm -2 ), θ is the Saccharin coverage of CoFe surface, d sac is the effective diameter of the Saccharin molecule and ∆v is the difference in the growth rate between the areas of the surface that are not covered by Saccharin and the ones that are covered. In addition to the previous considerations this model assumes also that the physical entrapment of the Saccharin molecule occurs only if there are available areas of the surface free from Saccharin. This geometrical effect can be express through the following statement;
Now the full expression for incorporation rate of Saccharin can be written combining eq.(1-3) as:
Describing the Saccharin adsorption by Langmuir adsorption model (22) ;
and expressing the ∆v in terms of the difference of the corresponding current densities associated by Saccharin covered and Saccharin free areas of the surface ∆j (∆j = j free -j θ )
final expression defining the R inc is written as;
In this expression, V mCoFe, b, and F represent molar volume of Saccharin, Langmuir's adsorption constant and Faraday's constant respectively. The fit of the experimental data by eq(6) is shown in Fig.2B (dashed line) . In this simple model all constants are known or they can be evaluated from the literature (21) . The only parameters that are fitted are ∆j and b. As one can see this simple physical model succeeds to capture essential feature of the R inc vs. C sac dependence thus being able to make qualitative description of the Saccharin molecular incorporation phenomenon. Our current efforts are directed towards experimental determination of ∆j which would add more value to this model making it capable of semi-quantitative predictions of R inc for the given C sac .
Conclusion
In this paper the work investigating the molecular incorporation of Saccharin into CoFe deposit during galvanostatic deposition is presented. The results show that maximum incorporation rate of Saccharin (R inc = 0.145·10 -11 mol·cm -2 ·s -1 ) is achieved when its concentration in the plating solution is 0.12 g/lit. For higher values of C sac , ( > 0.12 g/lit) the incorporation rate decreases and becomes constant for C sac > 1.5 g/lit. For C sac < 0.12 g/lit, the incorporation rate drops very quickly. The presence of Saccharin molecules in the CoFe deposit increases the CoFe corrosion susceptibility and the plating solutions with Saccharin concentration yielding higher R inc produce the deposits with poorer corrosion resistance. The results indicate that CoFe surface roughness is inversely proportional to the Saccharin incorporation rate which brings directly in connection C sac and 2.45 T CoFe surface saturation roughness. The simple physical model is developed that describes qualitatively our experimental results. More work is necessary to make this model capable of making quantitative predictions.
